We report a determination of the n-3 He scattering length difference ∆b = b 1 − b 0 = (−5.411 ± 0.031 (statistical) ± 0.039 (systematic) ) fm between the triplet and singlet states using a neutron interferometer. This revises our previous result ∆b = (−5.610 ± 0.027 (statistical) ± 0.032 (systematic) ) fm obtained using the same technique in 2008 [M. G. Huber, Phys. Rev. Lett. 20, 102 (2009) & M. G. Huber, Phys. Rev. Lett. 17, 103 (2009]. This revision is due to a re-analysis of the 2008 experiment that includes a more robust treatment of the phase shift caused by magnetic field gradients near the 3 He cell. Furthermore, we more than doubled our original data set from 2008 by acquiring six months of additional data in 2013. Both the new data set and a re-analysis of the older data are in good agreement. Scattering lengths of low Z isotopes are valued for use in few-body nuclear effective field theories, provide important tests of modern nuclear potential models and in the case of 3 He aid in the interpretation of neutron scattering from quantum liquids. The difference ∆b was determined by measuring the relative phase shift between two incident neutron polarizations caused by the spin-dependent interaction with a polarized 3 He target. The target 3 He gas was sealed inside a small, flat windowed glass cell that was placed in one beam path of the interferometer. The relaxation of 3 He polarization was monitored continuously with neutron transmission measurements. The neutron polarization and spin flipper efficiency were determined separately using 3 He analyzers and two different polarimetry analysis methods. A summary of the measured scattering lengths for n-3 He with a comparison to nucleon interaction models is given.
I. INTRODUCTION
Understanding the properties of nuclei from the point of view of a collection of individual interacting nucleons is an important goal of nuclear physics [1, 2] . Unfortunately, direct calculations of low-energy nuclear phenomena using Quantum Chromodynamics (QCD) is currently impractical. Instead properties of few-body nuclear systems are calculated using a variety of phenomenological models. The prevailing two nucleon (NN) models, AV18 [3] , CD-Bonn [4] , and Nijmegen [5] , incorporate a fit to np and pp scattering data [6] for energies up to 350 MeV. Problems arise with NN models when applying them to by the pion mass. Below the pion mass threshold interaction diagrams are explicitly calculated. For higher-energy processes, the interactions are described by using lowenergy observables such as scattering lengths to parameterize mean-field behavior. For instance using the triton binding energy Kirscher et al. [17] predicted a value of the scattering length for the singlet state in n- 3 He to 8 % relative uncertainty. Although presently not as precise as other approaches, effective field theories are attractive because they provide clear theoretical uncertainties from estimates of the relative contribution of higher order terms [18] .
A final motivation for measuring the n- 3 He incoherent scattering length to high precision is that ∆b also arises in the study of quantum liquids. Inelastic neutron scattering in liquid 3 He for a momentum Q and energy transfer E is described by a dynamic structure factor S(Q, E) [19] . The dynamic structure factor can be separated into coherent S c and incoherent S i terms as [20, 21] S(Q, E) = S c (Q, E) + √ 3∆b
One can see that the incoherent density term is weighted by a ratio composed of both the triplet b 1 and singlet b 0 scattering lengths where ∆b = b 1 − b 0 . (The real part of the scattering length is denoted by ). For the n-3 He system the sum b 0 + 3b 1 has been previously measured to < 1 % relative uncertainty. An accurate determination of S c (Q, E) and S i (Q, E) from S(Q, E) relies on determining ∆b to similar precision.
Neutron scattering lengths can be determined very precisely using neutron interferometry. In the case of silicon, neutron interferometry has been utilized to measure the scattering length to 0.005 % relative uncertainty [22] . In the last few years, there have been several precision measurements using neutron interferometry with light nuclei targets. These include measurements of the spin-independent scattering length b of n-1 H, n-2 H [23] , and n-3 He [24, 25] to less than one percent relative uncertainty.
Here we report a determination of the scattering length difference ∆b = b 1 − b 0 of n- 3 He using a neutron interferometer that is based on a reanalysis of Huber et al. [26, 27] and additional data. A review of the relevant neutron optical theory is covered in Sec. II. The experimental setup and measured phase shift caused by the 3 He target sample is discussed in Sec. III. In Sec. IV we describe neutron polarimetry measurements using 3 He analyzers with two different analysis methods. Systematically limiting this technique is the uncertainty in the triplet absorption cross section of 3 He. This limit in determining ∆b and other non-statistical uncertainties are discussed in Sec. V. Finally, we compare world averages of the current experimental results of the coherent and incoherent scattering lengths to various theoretical predictions in Sec. VII.
II. NEUTRON SCATTERING
Neutron scattering from a single target atom can be described by the wave function [28] Ψ = e ik·r + e ikr r f (θ).
The first term in Eq. (2) describes the incident neutron where k is the incident wave vector and r is the position of the neutron. The latter term corresponds to the scattered wave in the first Born approximation with a scattering amplitude f (θ) that can be expanded in terms of k as [29] f (θ) = −a + ika
where a is called the free scattering length. The approximation in Eq. (3) is valid because the magnitude of a is of O(1 fm) and for low energy neutrons k is of O(10 −4 fm −1 ). In general, a is complex such that a = a + ia where a , a are both real numbers. As discussed later, neutron absorption by the target atom is related to the imaginary term a . Most importantly a represents a measurable quantity of the interaction that is unique for each nuclear isotope. In neutron interferometry, even when considering a gas target, the forward scattered momentum transfer is zero. For this reason, it is more relevant to define everything using the bound scattering length
Here M N and m n are the mass of the target atom and neutron, respectively. To describe neutrons scattering from a homogeneous material one uses the time-independent Schrödinger equation
where K is the magnitude of the neutron wave vector in the material. The optical potential
is the effective potential of the material with an atom density N . The index of refraction
of the material can be derived using Eqs. (5) and (6) . Here λ = 2π/k is the neutron wavelength in vacuum. The index of refraction for neutron optics is conceptually the same as for light optics with two subtle differences. For one the index of refraction for neutrons is only a small deviation from unity; ie. 1 − n = O(10 −6 ) and generally n is less than one.
A neutron interferometer splits the neutron's wave function along two spatially separate paths labeled I and II. When a sample of thickness D is introduced into beam path II there is a phase difference relative to the path I of
This phase shift is due to the change of the neutron wavelength as it passes through a material. A conceptual illustration of this is provided in Figure 1 . A neutron interferometer is extremely sensitive to phase differences between paths and therefore can be used to measure φ sam to high precision. Along with information of the quantities λ, N and D, often performed using individual auxiliary measurements, one can use Eq. (8) to determine the scattering length of the material. In the case of neutrons with spin σ n incident on a target with nuclear spin I the scattering length can be written as
where b c and b i are called the coherent and incoherent scattering lengths, respectively. Despite its name the incoherent scattering length is due to a coherent interaction and corresponds to the spin-dependent part of the scattering length. The scattering lengths for a given spin channel, J = I ± σ n , are defined as
Here g + = (I + 1)/(2I + 1) and g − = 1 − g + = I/(2I + 1) are statistical weight factors. Eqs. (10a) and (10b) are for general systems; for n-3 He there is a triplet (J = 1) and singlet (J = 0) channel allowing us to write the triplet scattering length as b + ≡ b 1 and the singlet scattering length as b − ≡ b 0 (likewise, g + → g 1 and g − → g 0 ). Inverting Eqs. (10a) and (10b), the 3 He coherent and incoherent scattering lengths become
The total cross section for the n-3 He interaction is σ t = σ s + σ a . Here σ s is the scattering cross section given by
The absorption cross section σ a is related to the imaginary part of the scattering length b by the optical theorem [30] 
The measured unpolarized neutron absorption cross section for 3 He(n,p) 3 H is σ un =(5333 ± 7) b [31] at the reference thermal neutron wavelength λ th = 1.798Å. The uncertainty quoted for σ un , as well as all other uncertainties quoted below, is a standard uncertainty with a confidence level of 68 %. For 3 He(n,γ) 4 He the absorption cross section is (54 ± 6) µb [32] at these energies and thus for our purposes can be ignored.
The absorption cross section for polarized neutrons incident on polarized 3 He nuclei is given by
where P 3 is the 3 He polarization. The ∓ sign in Eq. (14) represents the cases where the neutron and 3 He spins are aligned parallel (−) or anti-parallel (+). Similar to Eqs. (11a) and (11b), σ un and σ p can be defined in terms of singlet and triplet contributions as
Since σ a is dominated by the singlet channel it is often assumed that σ 1 = 0 so that σ un = σ p . Although σ 1 is small there is no theoretical justification for assuming σ 1 to be precisely zero. Neutron transmission measurements are consistent with σ 1 = 0 only at the level of a few percent. The uncertainty in the triplet absorption cross section leads to the largest systematic uncertainty in both neutron interferometric and pseudomagnetic spin precision measurements of ∆b. This is discussed in more detail in Section V A.
III. EXPERIMENTAL PROCEDURE
We used a neutron interferometer to measure the phase difference between two polarized neutron states that are transmitted through a polarized 3 He target cell. Neutrons are polarized in the vertical direction and can be flipped by π radians using a precession coil spin flipper. The target 3 He polarization direction stays constant throughout a measurement, but its magnitude decreases exponentially in time. For neutrons with spin state ↑ and ↓ incident on a polarized 3 He sample we can insert the effective scattering length for 3 He (Eq. (9))
into Eq. (8) and find the phase difference
where N 3 is the 3 He number density and D 3 is the active length of the target cell. Here N ± = (1 ± P 3 )/2 is the fraction of 3 He nuclei in each polarization state. Using Eqs. (11b) and (17) one finds that the phase difference between opposite neutron spin states is related to the triplet and singlet scattering lengths by
The factors in the denominator of Eq. (18) are determined simultaneously with ∆φ 0 by measuring the spindependent transmission of neutrons through the 3 He cell. This is an advantage over typical interferometric measurements of b in that none of the factors in the denominator need to be determined individually; the spin-dependent transmission asymmetry determines their product directly.
A. Neutron Interferometer and Facility
This experiment was done at the National Institute of Standards and Technology's (NIST) Center for Neutron Research (NCNR) in Gaithersburg, MD. A 20 MW reactor produces a steady source of neutrons that are moderated by a liquid hydrogen cold source [33] . These moderated neutrons are transported from the cold source to several neutron instruments by 58 Ni coated glass guides. At the Neutron Interferometer and Optics Facility (NIOF) a double monochromator assembly reflects 2.35Å neutrons into an environmentally isolated enclosure [34] . The first monochromator is a single pyrolytic graphite PG(002) crystal that reflects neutrons out of the neutron guide and toward a second monochromator 3 m away. This second monochromator vertically focuses the beam using nine individually adjustable 1 cm x 5 cm PG(002) crystals [35] . Further details of the facility can be found in [36] .
A schematic of the experiment inside the enclosure is shown in Figure 2 . After the double monochromator assembly a pyrolytic graphite filter was used to remove λ/2 = 1.175Å neutrons from the beam. Neutrons passing through the filter were polarized by a transmission-mode supermirror polarizer [37] . The polarizer consisted of two separate 0.64 m and 0.73 m long supermirrors that were slightly offset so that no incoming neutrons had clear line of sight to the interferometer. Neutrons in the incorrect spin state were reflected from the supermirror and absorbed on cadmium shielding.
Immediately downstream of the supermirror polarizer was a precession coil spin flipper made from two orthogonal aluminum wire coils [38] . One coil provided a magnetic field opposite of the guide field that created, in the absence of the other coil, a zero field region in the center of the coils. A second coil created a magnetic field
perpendicular to the neutron polarization direction. The field B f was tuned such that the neutron undergoes half a Larmor precession cycle. Here L is the active length inside the coils, m n is the neutron mass, µ n = γhσ n is the neutron magnetic dipole moment, and γ is the gyromagnetic ratio. When energized the precession coil spin flipper allowed the neutron spin state to be rotated π radians with nearly 100 % efficiency. Helmholtz coils 56 cm in diameter were centered on the target cell and provided a field of 1.5 mT. To preserve the neutron polarization between the supermirror polarizer and the Helmholtz coils a series of permanent magnets provided a magnetic guide field with a minimum of 1 mT. The heat output from the Helmholtz coils, which was not actively cooled, increased the temperature variation for this experiment. The temperature around the interferometer was controlled with heating tape and calibrated platinum resistance sensors in closed loop, proportional-integral-derivative (PID) operation and typically achieved a temperature stability of ± 5 mK [35] . For this experiment the interferometer enclosure was stable to only ± 20 mK because of the increased heat caused by the Helmholtz coils.
A neutron interferometer consists of a perfect silicon crystal machined so that there are several parallel crystal blades on a common monolithic base. The interferometer used here is shown in Fig. 3 . Neutrons entering the interferometer Bragg diffract in the first (splitter) blade of the interferometer. This coherently separates the neutron into two spatially separate paths labeled I and II (see Fig. 2b ). Both neutron paths are Bragg diffracted in a second (mirror) blade and interfere in the final (analyzer) blade of the interferometer. Conceptually, this is analogous to a Mach-Zehnder interferometer in light optics. The two beams exiting the interferometer are historically labeled the O-and H-beams. Neutrons are detected with near 100 % efficiency using 25.4 mm diameter cylindrical 3 He filled proportional counters. The target was a sealed glass cell containing 3 He gas (see Fig. 4 ) placed in path I of the interferometer. A phase flag, which consisted of 2 mm thick quartz, was placed in both paths of the interferometer. Rotating the phase flag by an angle varied the relative phase shift between the two neutron paths and thus modulated the intensity in the O-and H-beam detectors. For the Oand H-beam detectors, the intensity can be written for a neutron with spin state ↑ (↓) as
The coefficients c
↑(↓) i
for i = 0, 1, . . . , n are treated as fit parameters. Here [φ flag ( ) + φ ↑(↓) ] is the relative phase difference between the two paths. The phase φ ↑(↓) includes both φ sam and any initial relative phase difference between paths I and II. The term φ flag ( ) = c 2 f ( ) is the phase shift due to the phase flag where
is the difference in optical path length for path I and II.
Here θ B = 37.73°is the Bragg angle for the interferometer. Since 3 He has spin-dependent absorption, c
The contrast or fringe visibility C of the interferometer is the ratio of the amplitude c 1 and mean c 0 in Eq. (20) . In practice the contrast for a typical neutron interferometer is less than unity due to a host of reasons including small crystal imperfections and temperature gradients.
Under the best experimental conditions neutron interferometers have demonstrated at most around 90 % contrast. In this experiment there are two losses of contrast that, although not unique, are of particular interest.
The first case is due the interaction of the neutron as it passes through the glass windows of the target cell. As a neutron passes through the glass windows it experiences a large phase shift φ win . Although this phase shift φ win is spin-independent and is canceled when subtracting the phase measured in both neutron spin states, φ win does affect the measured contrast and hence overall precision of the experiment. This is because the incident neutron beam contains a small wavelength spread of σ λ /λ = 1 %. Neutrons of slightly different wavelengths will experience slightly different φ win which dephases the detectable neutron beam after the interferometer. This doesn't affect the measured phase determined by Eq. (20) but dephasing does decrease the contrast. Assuming a Gaussian spectrum of λ, the measured contrast becomes
where C 0 is the initial contrast of the interferometer. Here N win , D win , and b win are the density, thickness, and effective scattering length of the window, respectively. This effect is negligible for the 3 He itself because the density of the gas is much lower. A more complete description of coherence and subsequent contrast loss can be found in a number of sources including [35, [39] [40] [41] [42] [43] . To minimize the loss of contrast from the cell windows, 8 mm of compensating glass made from 2 target cell windows was placed in path I of the interferometer.
Another mechanism of contrast loss in this experiment is due to the fact that the 3 He sample is a neutron absorber; therefore both c 0 and c 1 are decreased from what they would otherwise be in an empty interferometer. For absorption we have [29] ,
Absolute contrast during this experiment was a function of the environment, effectiveness of compensation glass, neutron spin-state and the 3 He polarization and varied between 30 % and 75 %.
B. Glass Target Cells
The NIST optical shop fabricated four geometrically identical flat-windowed 3 He cells. Two of these cells, named Cashew and Pistachio (Pistachio is shown in Fig. 4 ) were used in this experiment. Each cell was made from boron-free aluminosilicate glass [44] and consisted of two flat 25 mm diameter, 4 mm thick windows fused onto a 34 mm long cylindrical base. Before the cells were sealed they were filled with between 1.7 bar and 1.9 bar of 3 He gas. Nitrogen and rubidium were also added in order to polarize the 3 He using spin exchange optical pumping (SEOP) [45] . Properties of the cells can be found in Table  I .
The environmental constraints at the NIOF required that the cells be polarized at a separate facility. In this facility SEOP was employed to polarize the 3 He gas over a period of 2 days to an initial 3 He polarization between 65 % and 75 %. It was also possible at the SEOP facility to monitor and flip the 3 He polarization by nuclear magnetic resonance (NMR) techniques [46] . The cells were transported to the NIOF using a portable battery powered solenoid. Losses in 3 He polarization from transporting the cell between the two facilities were measured to be < 2 %. Helmholtz coils placed around the interferometer provided a uniform magnetic field which minimized the loss of 3 He polarization due to magnetic field gradients. Cell relaxation times at the interferometer varied per cell with a maximum of 150 h.
C. Phase Data
The phase shift caused by the spin-dependent interaction with the target spin flipper was operated in a off-on-on-off sequence to reduce the effect of linear drifts. Two simultaneous interferograms, one for each precession coil spin flipper state, were constructed from the background subtracted off-onon-off data. A typical pair of interferograms are shown in Fig. 5 . Figure 6 shows the measured phases φ over a span of a month that includes five cell transfers.
Comparing the two interferograms yields a measured phase shift ∆φ M . A correction must be applied to ∆φ M = φ ↑ 1 −φ ↓ 1 in order to determine ∆b using Eq. (18) . This is because the incident beam is an incoherent mixture of both spin-up and spin-down neutrons (the neutron polarization P n = 1). The measured interferogram is actually a sum of two different interferograms. (27) where
is the ratio of the number of minority-spin neutrons to the number of majority-spin neutrons that exit the 3 He target cell. In Eq. (27) the mean intensity has been subtracted but this does not affect the overall result below. When the precession coil spin flipper is energized (29) where
is again the ratio of the number of minority-spin to majority-spin neutrons. We can now write the measured phase shift ∆φ M in terms of ∆φ 0 = φ 2 − φ 3 which is the phase shift if the neutron polarization had been perfect (100 %) using ∆φ M = arctan sin ∆φ 0 η + + cos ∆φ 0
No correction is necessary for the fact that the helium polarization P 3 = 1 because each individual neutron interacts with multiple 3 He atoms.
We have collected two sets of n-3 He phase shift data taken in separate years. The first run of this experiment done in 2008 and has previously been reported in Huber et al. [26, 27] . A second data set consisting of six months of additional phase measurements was taken in the spring and summer of 2013.
D. Phase shift due to a non-uniform magnetic field When a magnetic field B in the direction of the neutron polarization is present, the additional magnetic potential V M = −µ n ·B experienced by the neutron creates a phase shift
where κ = −545 mrad/(cm-mT). The distance D is the path length inside the interferometer. The (+) and (−) signs correspond to neutron polarization parallel and anti-parallel to the magnetic field, respectively. When calculating the phase difference between precession coil spin flipper states off and on the ± sign in Eq. (32) reverses, hence in the absence of polarized 3 He gas this difference is 2φ mag for each path of the interferometer. Since the length of both interferometer paths are equal, φ mag can only be nonzero if the magnetic field in the two paths are different. In this case, the phase shift difference will be
where B 1 and B 2 are the magnetic field strengths averaged over paths 1 and 2, respectively. For this interferometer the longer, parallel part of the beam paths, which contained both the cell and compensating glass, was 6.4 cm with a total path length of 8.6 cm. A magnetic field gradient will be manifested as a non-zero phase shift in the absence of polarized gas and a non-zero yintercept for a fit of the variation of phase shift with 3 He polarization.
By direct measurements without the cell inside the interferometer Huber et al. [26, 27] determined 2φ mag =(2 ± 10) mrad, hence consistent with zero but with a relatively large uncertainty. The fit of the phase shift data also yielded a y-intercept consistent with zero. An estimate of the gradient from the observed 3 He relaxation time in the cell Cashew yielded 2φ mag = 0.72 mrad and this value was used to assign a systematic uncertainty due to magnetic field gradients. However, applying the incoherent beam correction in Eq. (31) [26] shifted the yintercept to (16 ± 4) mrad, suggesting an underestimate of the magnetic field gradient. This led us to directly map the magnetic field, revisit the estimate from 3 He relaxation, and perform a better evaluation of the y-intercept (see Sec. VI). The need to study the effect of magnetic field gradients on the measured phase shift when P 3 = 0 was the leading motivation to repeat parts of the n- experiment in 2013 and revisit parts of our analysis in 2008. Figure 7 shows a map of the magnetic field obtained with the Helmholtz coils, which revealed a fairly linear gradient (1/B z )dB z /dy ≈ 7×10 −4 cm −1 . The two paths of the interferometer are separated by 2.2 cm, hence this gradient yields B 1 − B 2 ≈ 2.3 × 10 −3 mT and thus 2φ mag ≈ 16 mrad. Although magnetic parts were avoided near the 3 He cell, there was a rotation stage with magnetic components below the coils. This stage was necessary so that the interferometer could be aligned to satisfy the Bragg condition.
The observed relaxation time T 1 of the 3 He gas results from contributions from dipole-dipole relaxation [48] , wall relaxation [49] , and magnetic field gradients. The first two components yield the "intrinsic" relaxation time of the cell, T i . The observed relaxation time in the interferometer in the presence of a field gradient is
where the gradient contribution is given by [50] 1
Here p is the pressure in bar and B x,y are the perpendicular components of the magnetic field where the applied field is in the z direction. For the cell Cashew, T 1 = 135 h and T i = 330 h which yields β = 1.1 × 10 −3 cm −1 . Whereas β includes several components, by using ∇ × B = 0 and by assuming the gradient is dominated by the linear gradient observed in the field map, one obtains (1/B z )dB z /dy ≈ 1.0 × 10 −3 cm −1 , B 1 − B 2 ≈ 3.6 × 10 −3 mT and thus 2φ mag ≈ 25 mrad. It is likely that this value is an upper limit because several gradient components contribute to relaxation. As discussed in Sec. VI, we obtained y-intercepts of (16 ± 4) mrad in the 2008 run and (21 ± 3) mrad in the 2013 run, consistent with the estimates from the field map and 3 He relaxation. Between 2008 and 2013 other interferometry experiments were performed at the NIOF. Changes to the NIOF included different shielding, changes to the polarizer, wavelength changes, the use of different interferometers and mounting, stages, and a change in the monochromator crystal [36] . Despite these changes the experimental conditions were reasonably well reproduced. Planning for additional phase data at P 3 = 0 was started almost immediately after 2008 as the magnetic field gradient became more of a concern. The Helmholtz coils and spin flipper were at identical positions in 2008 and 2013. Other components of the experiment like the electronics, detectors, the interferometer, cell mounting, and other system components were the same between the two runs as they were reserved for this work and not otherwise used. Initial P 3 was 10 % higher in 2013 because of advances in helium polarization techniques [51] . Another difference was that in 2008 the polarization direction of P 3 was keep fixed; whereas in 2013 P 3 was twice polarized in the reversed direction. Lastly, the neutron polarization was 3 % lower (see Section IV B) in 2013 due to changes in the supermirror alignment.
E. Measuring cell relaxation
Target cell transmission was measured in situ during each scan using the C4 detector (see Fig 8) . For each run the asymmetry
was calculated from the individual off-on spin flipper asymmetries. The asymmetry is related to the neutron polarization P n and spin flipper efficiency
where on(off) refers to the state of the precession coil spin flipper [52] , by
The values of s and P n are known from the polarimetry measurements. For each interferogram an averaged asymmetry A was calculated. The analyzing power P A of a 3 He cell can be written [53] 
where is the product of the opacity of the cell N 3 σ p D 3 and 3 He polarization. One can use Eqs. (38) and (39) to write ξ in terms of the measured asymmetry A as
IV. AUXILIARY MEASUREMENTS A. Neutron Wavelength
Because the skew symmetric interferometer uses a (220) reflection in silicon, it is necessary to eliminate higher order n = 2, 3, . . . reflections from the incident beam. Neutrons with wavelengths of λ < 2.35Å are poorly polarized by the supermirror and could potentially affect the phase and polarimetry measurements. Neutrons with wavelengths corresponding to n ≥ 3 are suppressed by the liquid hydrogen cold source. However a non-negligible amount (5 %) of λ/2 = 1.175Å neutrons are present in the incident beam. To eliminate these neutrons a pyrolytic graphite filter [54] consisting of nine separate PG crystals of varying thickness (50 mm overall) was placed upstream of the supermirror polarizer. Neutrons of wavelength 1.175Å are preferentially reflected by the (114) plane of the graphite and are absorbed by a surrounding boron shield.
A measurement of the fraction of λ/2 neutrons was performed with the interferometer removed and a nearlyperfect silicon analyzer crystal (NPC) placed in the direct beam before the interferometer. This crystal analyzer is denoted as "nearly-perfect" because it contains a small mosaic spread (a small variation in lattice vector direction throughout the crystal) of 1.5 × 10 −4 mrad. The mosaic of the crystal allows a greater fraction of incident neutrons to satisfy the Bragg condition; thus more reflect from the crystal and increase the overall reflected intensity. The relative intensity of (I λ/2 )/I λ was measured by rotating the "nearly-perfect" crystal ±θ B and examining the reflected beams. In addition to the NPC, a disk chopper made from a rotating, neutron absorbing cadmium disk with a small slit was used as well. The disk chopper allows time-of-flight analysis of the neutron spectrum. Both techniques placed an upper limit of (I λ/2 )/I λ < 0.1% that was determined by comparing the relative intensities with and without the filter in place. This ratio is mainly limited by the accuracy in determining the small background signal. The presence of 1.175Å neutrons at this level had a negligible effect on ∆φ M and polarimetry measurements.
B. Polarimetry
Several neutron polarimetry measurements were made throughout the experiment to verify that the neutron polarization was stable over the duration of the experiment. Each polarimetry measurement took place during pauses in collection of the phase data. Common techniques to measure neutron polarizations and spin flipper efficiencies along with their difficulties are described in Ref. [55] . In this experiment the neutron polarization P n was measured with 3 He cells and by using two analysis methods, which we refer to as the asymmetry and normalized transmission methods. Polarimetry cells are physically larger than target cells and one of them is shown in Fig. 4 . Properties of the cells are listed in Table  I. A 3 He analyzer had two advantages over crystal or supermirror analyzers. First, the analyzing power P A of the cell was determined from unpolarized neutron transmission measurements. Second, we could flip the cell's polarization by π radians using nuclear magnetic resonance (NMR) at the SEOP facility. This NMR induced flip eliminated the need for a second spin flipper to uniquely determine P n , P A , and spin flipper efficiency. These cells had three times the opacity of the target cells and thus provided high analyzing powers that were relatively insensitive to variations in 3 He polarization. The setup for both methods was the same. Low neutron fluence rates in the H-beam prevented any practical polarization analysis behind the interferometer. Instead, the interferometer was removed from its cradle and replaced with one of the analyzing cells. Because the neutron polarization produced by the supermirror polarizer should depend very weakly on wavelength and the beam spectrum was sufficiently narrow (σ λ /λ = 1 %), the difference between the measured P n of the direct beam and the neutron polarization of paths I and II of the interferometer is believed to be negligible. The neutron transmission through the cell was measured using a 3 He detector located directly behind the analyzer.
For both methods the analyzing power of the cell was determined by the transmission of unpolarized neutrons. The analyzing power of a 3 He cell is given by Eq. (39). For the polarimetry cells the range of initial P A was between 86 % and 99 % but was typically around 97 % depending on the cell and its initial 3 He polarization. Eq. (39) can be rewritten as a ratio of two unpolarized neutron transmission measurements as
where T pol (T un ) is the transmission of unpolarized neutrons through a polarized (unpolarized) 3 He cell. These transmissions are discussed later in Sec. IV B 2. Unpolarized neutrons were obtained by translating the supermirror out of the beam using an encoded linear stage. The position of the supermirror was reproducible to within 1 µm. To measure T un the analyzer cell was depolarized by temporarily connecting the Helmholtz coils to an alternating current voltage supply.
Asymmetry Method
The asymmetry method used the difference in count rates for the two neutron spin states, I
↑ and I ↓ , to determine the neutron polarization and spin flipper efficiency. Here I ↑(↓) is the intensity when the neutron and 3 He polarization are aligned parallel (anti-parallel). The asymmetry A is related to the neutron polarization and spin flipper efficiency by
To uniquely determine P n and s using this method it is necessary to have two separate asymmetries A and A * where one reverses the direction of the 3 He polarization. Similar to Eq. (43) we have
The analyzing powers P A and P A * were not the same because of a few percent loss in P 3 caused by performing an NMR induced spin flip and transporting the cell to and from the SEOP facility. Using Eqs. (43) and (44) the spin flipper efficiency is
With knowledge of s, P n can be determined via
Measurements of P n and s that were obtained using the asymmetry method are shown in Fig. 9 . The intensities I ↑ and I ↓ for both this method and normalized transmission method discussed in Section IV B 2 were performed symmetrically around measurements of T pol and hence P A and P A * . Specifically, I
↑ (and likewise I ↓ ) was measured twice, once before and once after a measurement of T pol . The averages of I ↑ and I ↓ were then used in Eqs. (43) and (44) . This was done to compensate for the decay of P 3 while the measurements were being performed to a level where no correction for P 3 decay was needed.
Normalized Transmission Method
When P n = 1 the transmission of neutrons through a polarized 3 He cell is
where Eqs. (14) and (40) have been used to relate the absorption cross section σ a to ξ. The signs (+) and (−) is for 'off' and 'on' states of the precession coil spin flipper, respectively. Here we have taken that the initial neutron polarization and 3 He polarization is in the same direction. T g is the transmission of neutrons through the cell windows.
For a neutron beam with P n ≤ 1 the transmission T off becomes
Eq. (48) can be expressed more compactly as
The transmission of unpolarized neutrons through a polarized 3 He cell is given by
where
is the transmission of unpolarized neutrons through an unpolarized 3 He cell. Dividing Eq. (49) by Eq. (50) yields
It follows from Eqs. (39), (42) , and (52) that When one energizes the spin flipper one has the antiparallel case where,
It should be noted that the uncertainty associated with determining the polarimetry from Eq. (53) is different than that for Eq. (54) . Propagating the uncertainty σ of the polarization product Z off = P A P n and Z on = P A sP n we find
For this experiment Z off ≈ Z on ≈ 0.9 and T on ≈ 0.05T off . Using Eqs. (55) and (56) we find that
So despite the relative uncertainties of T off and T on being comparable the overall uncertainty in determining P n versus sP n differs by a factor of twenty. The contribution to the overall uncertainty of P n from the uncertainty in P A is small because of higher statistics without the supermirror in the neutron beam. By reversing the 3 He spin using NMR we can invert Eq. (57) so that when the 3 He polarization has been flipped. It follows that using the anti-parallel state to determine P n or sP n is advantageous despite a much smaller T off(on) being measured because the overall uncertainty is better. Thus we have chosen to use only the anti-parallel measurements for the normalized transmission method (shown in Figure 10 ).
Polarimetry Result
Both the asymmetry and normalized transmission methods yield neutron polarizations and spin flipper efficiencies to less than 0.1 % relative standard uncertainty. These results are shown in Table II The differences between the 2008 and 2013 neutron polarization is believed to be due to non-reproducible changes in the angular separation between the two mirror surfaces of the supermirror polarizer that is often varied between experiments. In both 2008 and 2013 the neutron precession coil spin flipper was the same device, was located in the same place, and showed much better agreement.
V. SYSTEMATIC EFFECTS

A. Absorption Cross Section
The quantity ξ is a function of λ and can be written as
where λ th = 1.798Å is the reference thermal neutron wavelength. To extract N 3 λD 3 P 3 from ξ, one needs the singlet and triplet absorption cross sections σ 0 and σ 1 . The experimental value of σ un ≈ σ 0 /4 is well known from transmission measurements as (5333 ± 7) b at λ th [31] . However, the triplet absorption cross section is poorly known experimentally. Passell and Schermer [56] measured neutron transmission through 3 He and determined the ratio of singlet to total absorption cross section to be g 0 σ 0 /σ un = (1.010± 0.032) . An indirect measurement of the same quantity was made by Borzakov et al. [57] where they determined g 0 σ 0 /σ un = (0.998 ± 0.010) by examining deviations from a purely "1/v" absorption law for neutron energies up to 150 keV. Both of these experiments support σ 1 ≈ 0 but only at the 1 % level. Due to the lack of precision measurements of σ 1 , we used a theoretical prediction of the imaginary part of the scattering length to estimate σ 1 .
Calculations performed by Hofmann and Hale [58, 59] of the imaginary free scattering length a 1 using R-matrix and AV18+3N interactions give a range of values a 1 of between 0.0012 fm and 0.0051 fm. However as noted in the same paper, AV18+3N models under-predict the experimentally measured a 0 by up to 30 %. To be conservative we used a 1 = (0.005 ± 0.005 ) fm. This allowed for the possibility that theoretical calculations are low by as much as a factor of two. With a 1 and the measured thermal absorption cross section for unpolarized 3 He we have
With Eqs. (41) and (62) one may extract N 3 λD 3 P 3 from the asymmetry measurements of ξ.
B. Polarimetry Effects
The effect of uncertainties in P n and s on calculating ∆φ 0 is complicated by the fact that they affect both η − and η + directly and also indirectly through ξ. To determine the systematic uncertainty in ∆φ 0 contributed by the uncertainties σ Pn and σ s we studied a simulated set of [∆φ M ] sim and [ξ] sim data. This simulated data was generated using a fixed value ∆b =−5.400 fm and a randomly distributed set of [ξ] sim to generate a [∆φ M ] sim . ∆φ 0 was then calculated using the simulated [∆φ M ] sim and [ξ] sim while varying P n and s by their respective uncertainties. The variance in ∆φ 0 , and hence ∆b , resulting from the uncertainties σ Pn and σ s was taken as the systematic uncertainty due to the polarimetry measurements.
VI. RESULTS
Figure VI shows the measured ∆φ 0 versus ξ for the 2008 data set which was collected over several reactor cycles for a total of 12 weeks. From Eq. (18) the value of ∆b can be determined by the slope of ∆φ 0 in Figure  VI . There are two significant changes in determining ∆b from what was done previously in Huber et al. [26, 27] . The first and most significant is that in Huber et al. the slope of ∆φ 0 versus ξ was determined using a one parameter fit. This fixed the y-intercept of the fit to be precisely zero corresponding to ∆φ 0 = 0 at P 3 = 0. In the presence of a magnetic field gradient, this approach is no longer valid. Instead we now perform a two parameter fit of ∆φ 0 versus ξ. The fitted y-intercept of the data shown in Fig. VI yields 2φ mag = (16 ± 4) mrad.
The other change we have made has been in the manner in which we cut individual data points. In Huber et al. we cut the data based on the reduced chi squared χ 2 red of the interferogram fit. All fits with χ 2 red ≥ 1.5 were discarded and not included in our 2008 results. This was done to account for phase instabilities especially those seen immediately following a cell transfer which introduced temporary temperature and mechanical instabilities lasting 12 h or more. However, discarding interferograms based on χ 2 red values included eliminating points taken in the middle of runs where the phase was more stable. As discussed below, a systematic uncertainty of 0.012 fm attributed to phase instabilities was also applied to the result in Huber et al. Since we already incorporate an uncertainty due to phase instabilities, for this result we make no cut based on the χ The uncertainty budget for ∆b is given in Table III . The weighted average is performed by weighting both the statistical and systematic uncertainties unrelated to neutron absorption on 3 He in quadrature. The systematic uncertainty related to 3 He absorption was added to the total systematic uncertainty in Eq. (63). 
VII. CONCLUSIONS AND DISCUSSION
We have performed a precision measurement of the difference ∆b = (−5.411 ± 0.031 (Stat.) ± 0.039 (Syst.) ) fm between the triplet and singlet scattering lengths of n-3 He using neutron interferometry to 0.9 % relative standard uncertainty. The ultimate precision of this technique is systematically limited by the triplet absorption cross section corresponding to a relative uncertainty of 0.5 %. This result is in good agreement with the only previous direct measurement of ∆b = (-5.462 ± 0.046) fm performed by Zimmer et al. at the Institut Laue-Langevin (ILL) [60] . Ref. [60] used a spin echo apparatus to measure the relative difference in the pseudomagnetic spin-precession [61, 62] between a neutron passing though a polarized 3 He cell compared to an empty reference beam. That technique is fundamentally different than the technique applied here. One can state the results independent of the triplet absorption cross section and total absorption cross section from our results and that of Ref. [60] . This is done for two reasons: (i) both groups estimated σ 1 differently and (ii) in the event of future more accurate measurements of the absorption cross sections, one can immediately update the spin-dependent n-3 He scattering length. Zimmer et al. determined σ 1 from a average of the experimental results of Refs. [56] and [57] with the limitation that σ 1 ≥ 0. Whereas, as described in Section V A, we used a theoretically predicted σ 1 but with an inflated uncertainty. Our result stated independent of the triplet absorption cross section is reflectivity, relative phase shifts, and neutron transmissions. The three most precise measurements of b c were done with neutron interferometry; Kaiser et al. [64] , Huffman et al. [24] , and Ketter et al. [25] . However, the two most recent results differ by more than 7σ. Figure 12 shows an ideogram of the coherent scattering length measurements. Each measurement is represented by a Gaussian centered about their result with a normalized area equal to 1/σ [67] . The uncertainty of the weighted average has been inflated in the manner described in Ref. [67] .
Calculations employing models AV18+UIX, AV18+UIX+V * 3 [58, 59] , and AV18+LL2 [17] have all predicted similar values for the triplet and singlet scattering lengths. For example ∆b (AV 18 + U IX) = (-5.753 ± 0.002) fm. Neither this work nor the work of Zimmer et al. agrees with NN+3N calculations. Figure 13 shows a selection of measured values of b 1 and b 0 beside some theoretical predictions. Four nucleon interactions have yet to be included into the theoretical models due to the difficulty in handling long-range Coulomb forces, but should constitute only a tiny correction to NN + 3N predictions. A calculation of pion-less effective field theory to Next to Leading Order (NLO) shows promise [17] , but the uncertainty of the predicted value is still too large to compare to high-precision measurements. A recent measurement of the total scattering cross section [68] that suggests a much larger scattering cross section and would lie outside of Fig. 13 is omitted for space.
The recent work on the n-3 He interaction can lead to further understanding of low energy nucleon systems. Although there are several discrepant measurements, scattering length measurements do not match theoretical models. Taken alone, the coherent scattering length by [24] agrees with AV18+UIX, but doesn't intersect a measurement of the spin-dependent difference in triplet and singlet states. This work and [60] agrees with the Rmatrix prediction. More work needs to be done to resolve the discrepancy between different n
